The self-consistent tight-binding linear muffin-tin orbital method was employed to calculate the electronic structure and the total energy of Ti 2 XAl (XϭNb, V, Zr) in B2, D0 19 , and O ͑orthorhombic͒ phases and the results were used to study the phase stability and cohesive properties of these intermetallic compounds. Our theoretical calculation shows that the B2 phase is the most stable phase of Ti 2 NbAl as observed by experimentalists. However, the three phases are close in energy indicating the possibility of the presence of all these phases in equilibrium over a range of temperatures, which is in accordance with experimental observations. Our calculations predict that Ti 2 VAl is more stable in the B2 phase whereas Ti 2 ZrAl is more stable in the D0 19 phase. We also report the calculated equilibrium lattice parameters, cohesive energies, heats of formation, and bulk modulii of these systems, and a possible comparison of the calculated quantities with the available experimental data is made. From our studies we are made to conclude that the concept of pseudogaps which has been very much emphasized for binary intermetallics does not carry so much significance with respect to ternary systems. ͓S0163-1829͑99͒05047-X͔
I. INTRODUCTION
Intermetallic alloys based on Ti 3 Al ͑␣2 phase͒ have been studied extensively over the past two decades as potential high-temperature structural materials. The interest in Ti 3 Al is further encouraged by the recent demand for the Ti-Al based alloys because of their superior specific strength and oxidation resistance. Limited ductility and toughness at low temperature are serious disadvantages in intermetallics. One of the processes to improve ductility and toughness is the crystal-structure conversion from a complex structure to a more simple close-packed structure by the addition of substitutional elements, as demanded by von Mises criterion for uniform deformation. 1 The development of engineering alloys based on Ti 3 Al is centered on the addition of Nb at levels up to about 25% to replace titanium in compositions based on Ti-͑21-25͒ Al. Three phases are found to be important in the determination of phase equilibrium in these alloys. The first one is the ␣2 phase based on the stoichiometric Ti 3 Al which has a D0 19 (hP8) structure with P6 3 /mmc symmetry. This structure is characterized by an atomic arrangement on the closedpacked ͑0001͒ planes which ensures that Al atoms share bonds only with Ti atoms in the nearest-neighbor positions, and which can be described in terms of four interpenetrating sublattices of which three contain Ti atoms and one contains Al atoms. It has been shown that Nb and other alloying additions such as Zr, Hf, and Mo all substitute the Ti sites in this crystal structure 2, 3 ͓Fig. 1͑a͔͒. The existence of an ordered B2 (cP2) phase is well known to be centered around the Ti 2 NbAl composition. It has been shown that Ti and Al atoms occupy the two separate primitive sublattices constituting the structure while Nb occupies, in the main, the Al sublattice 4 ͓Fig. 1͑b͔͒. Alloying additions such as Mo and V substitute in the Al sublattice while Zr and Hf substitute in the Ti sublattice. 3 The third important phase is the O ͑ortho-rhombic͒ phase, identified first by Banerjee et al., 5 which is shown to possess a Cmcm(oC16) symmetry with an orthorhombic structure that can be viewed as a slightly distorted form of the ␣2 phase ͓Fig. 1͑c͔͒. The O phase has so far been identified 6 in only one other ternary Ti-Al-X system and it is Ti-Al-V. The O phase behaves very similar to the ␣2 phase in terms of the transformation characteristics. Important exceptions are the massive decomposition of the B2 phase in the temperature range 500°C-900°C to O or ␣2 which results in dramatically different phase distributions. In the Nbenriched Ti 2 NbAl composition, the sequence of transformation is complicated, as the alloy passes through the ␣2 ϩB2, ␣2ϩB2ϩO, and OϩB2 phase fields on cooling. Kumfert and Leyens 7 report, after aging at 960°C for 0.5 h, a three-phase mixture ͓␣2ϩ␤ 0 ϩO͔. The work of Blackburn and Smith 8 clearly demonstrates that plasticity at room temperature could be obtained by the addition of enough Nb ͑Ͼ10%͒ to stabilize the high-temperature phase of titanium in the ␣2 structure.
Ti 3 Al deforms primarily by an a slip on the prismatic planes with the Nb addition increasing the propensity for a basal a slip. Twinning is excluded by the ordered structure. Thus only four independent slip systems exist in polycrystal-FIG. 1. Crystal structures in a Ti 2 XAl system; ͑a͒ D0 19 structure where aϭb c and ␣ϭ␤ϭ90°, ␥ϭ120°, ͑b͒ B2 supercell, and ͑c͒ orthorhombic ͑O͒ structure where a b c and ␣ϭ␤ϭ␥ ϭ90°.
line material. The Nb addition increases the tendency for a basal slip and perhaps a homogeneous prismatic slip but does not increase the propensity for a c component slip. In contrast to the ␣2 behavior, a profuse c component slip of both ͓102͔ and ͗114͘ is observed in the O phase. The B2 distributions that avoid ␣2/␣2 grain boundary contact are more effective in imparting ductility. The ability of the B2 phase at low volume fractions to impart ductility is directly related to its effect in increasing strain values at which the local critical stress for cleavage of ␣2 is realized. At higher volume fractions, the B2 phase acts as a barrier to crack extension from ␣2, and therefore the ductility rises steeply. Nevertheless, the single phase B2 is itself brittle at large grain size because of slip inhomogenity and it fractures by shear decohesion in intense slip bands. Since the B2 phase also has a higher yield strength, it plays the dual role of ductilizing and strengthening the ␣2 phase. 9 The class of orthorhombic titanium aluminide alloys currently appears to offer the best matrix material in titanium matrix composites ͑TMC's͒ designed for elevated temperature aircraft engine applications. 10 Quantum-mechanical calculations from first principles, which are based on the local-density functional ͑LDF͒ approximations, can now predict the relative energies of different simple structure types. For example, from the heats of formation of the titanium aluminides, calculated by van Schilfgaarde et al., 11 the LDF approximation predicts correctly the hexagonal D0 19 structure of Ti 3 Al and the tetragonal D0 22 structure of TiAl 3 . More importantly, it is capable of predicting the proximity in energy of competing metastable phases. 12 We believe that so far there is no theoretical study on Ti 2 XAl (XϭNb, V, Zr) compounds in the B2, D0 19 , and O phases and the number of experimental studies are also limited. Reliable information, such as cohesive energy, heat of formation, and bulk modulii are also lacking. It is realized that strength, toughness, and ductility increase with Nb substitution. There is very little understanding on the mechanisms that lead to the ductility improvement by ternary and quaternary additions. The first-principle total-energy calculations on the three phases of these intermetallic compounds will improve the understanding of the relative phase stability among the competing phases, cohesive properties, and bonding properties. Rigorously, density-functional theory yields total energy and charge density only in the ground state (T ϭ0 K). Also, lattice vibrations are not taken into account in our study. Therefore, our calculations are valid for high temperatures only as long as the entropy effects are sufficiently small. In principle, configurational entropies could be calculated on the basis of density-functional total energies 13 but such a computationally demanding task has not been initiated so far. It is worth recalling that the effective cluster interactions obtained from the total-energy band-structure studies have been used in conjunction with the clustervariation method to construct the composition-temperature phase diagram of binary alloys.
14 So, the total-energy study of these systems in different structures becomes considerably important to construct the phase diagram theoretically. In the present study we discuss the electronic structure, chemical bonding, and the relative stability of Ti 2 XAl (X ϭNb, V, Zr) in B2, D0 19 , and orthorhombic structures. This paper is presented in five sections. In Sec. II details with regard to the practical aspects of the linear muffin-tin orbital method along with the crystal-structural aspects are discussed. In Sec. III the structural properties and phase stability are disscussed in terms of total energy, heat of formation, and cohesive energy. Section IV deals with the electronic band structure and density of states ͑DOS͒ obtained from our calculations. The summary and conclusions are presented in Sec. V.
II. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS
The crystal structures of Ti 2 XAl in the B2, D0 19 , and O phases are shown in Fig. 1 . In the case of the B2 structure, an eight-atom supercell was constructed in which the cubic cell was extended four times in the z direction. The resulting cell has a simple tetragonal structure with a basis of eight atoms. The D0 19 phase is a hexagonal lattice with a basis of eight atoms and the O phase is an orthorhombic lattice with the same eight-atom basis. We have used the first-principles self-consistent tight-binding linear muffin-tin orbital ͑TB-LMTO͒ method within the local-density approximation with the use of the exchange-correlation potential of von BarthHedin to calculate the electronic structure and total energy of Ti 2 XAl systems. Combined correction terms are also included, which account for the nonspherical shape of the atomic cells and the truncation of higher partial waves inside the sphere so as to minimize the errors in the LMTO method. The details of the method are well described in the literature. [15] [16] [17] [18] In all our calculations reported here, the Wigner-Seitz ͑WS͒ sphere radii that were used lead to an overlap of about 8%. The average Wigner-Seitz radius was scaled so that the total volume of all the spheres is equal to the equilibrium volume of the unit cell. We have included s, p, d, and f partial waves in the calculations, and treat the core electrons fully relativistically and the valence electrons semirelativistically ͑i.e., neglecting spin-orbit coupling͒. The tetrahedran method of the Brillouin-zone ͑i.e., k space͒ integrations has been used with its latest version, which avoids misweighing and corrects errors due to the linear approximation of the bands inside each tetrahedron. The self-consistent iterations were continued until an an accuracy of 10 Ϫ5 Ry was achieved in the eigenvalues. The eigenvalues were calculated at 512, 768, and 768 k points in the irreducible wedge of the tetragonal (B2), hexagonal (D0 19 ), and orthorhombic ͑O͒ Brillouin zones ͑BZ͒, respectively. The calculations were done at different cell volumes for each phase and the corresponding total energies were evaluated.
III. EQUILIBRIUM AND COHESIVE PROPERTIES
The cohesive energy is a measure of the strength of the forces which bind atoms together in the solid state. In order to understand the intergranular fracture mechanism of structural intermetallics, the estimation of the energy absorbed by bond stretching and breaking off along grain boundaries is necessary. In this connection, the cohesive energies of Ti 2 XAl (XϭNb, V, Zr) in B2, D0 19 , and orthorhombic phases are calculated. For the study of the phase equilibrium, the cohesive energy is more descriptive than the total energy, since the latter includes a large contribution from electronic states that do not play a role in bonding. The cohesive energy (E coh ) of a given phase is defined as the total energy of the constituent atoms at infinite separation minus the total energy of that particular phase.
The cohesive energy of the compounds in different structures are calculated from the relation
where E Total A 2 BC refers to the total energy of the intermetallic compound Ti 2 XAl at equilibrium lattice constants and
, and E Atom C are the atomic energies of the pure constituents.
The formation energy is introduced in order to facilitate a comparison of the stability of phases, as the cohesive and total energies contain large contributions that are irrelevant for the study of phase equilibrium. In order to determine heats of formation, we first calculated the total energies of elemental Ti, V, Zr, Nb, and Al metals corresponding to their respective equilibrium lattice parameters. At zero temperature, there is no entropy contribution to the free energy; therefore, the free energy of formation, or the heat of formation, can be obtained from the following relation: , and E Solid C are the total energy of the pure elemental constituents. The systematic errors in the total energy due to the use of atomic sphere approximation ͑ASA͒ are canceled significantly, leading to a reasonably accurate formation energy.
The calculated values of the cohesive energies and heats of formation of all the three systems are given in Tables I, II , and III. The cohesive energy for the three structures does not differ very much, which obiviously indicates the presence of all the three phases in equilibrium at a certain temperature range. The magnitudes of heat of formation in the B2 structure have the highest values for of Ti 2 NbAl and Ti 2 VAl systems and these two systems should be more stable in the B2 phase. The heat of formation of Ti 2 NbAl in the D0 19 structure is smaller by 0.031 eV/atom compared to the B2 phase and in the O phase, it is still smaller. On the other hand, the heat of formation for Ti 2 ZrAl in the three phases ͑Table III͒ shows clearly the prefered stability of the D0 19 phase over the other two phases. 
The isothermal equation of state ͑EOS͒ is expressed as
The slope of the curve ͑͒ is related to the pressure derivative of the bulk modulus (B 0 Ј) by ϭ3/2͓B 0 ЈϪ1͔.
͑5͒
We calculated the values of ln͓H(x)͔ and (1Ϫx) using the PϪV data and made the least-squares fit in a manner similar to what we have made earlier. 22 From this the bulk moduli and pressure derivative of bulk moduli for the three phases of these alloys were calculated.
The total energies calculated as a function of unit-cell volume for Ti 2 NbAl, Ti 2 VAl, and Ti 2 ZrAl are presented in Figs. 2-4 . We have plotted the total energy with respect to a reference energy (E 0 ) which is indicated in the figures. From these results the equilibrium lattice constants, bulk modulii, and heats of formation are obtained. For Ti 2 NbAl in the B2 phase ͑open circle in Fig. 2͒ , the lattice constant and the bulk modulus were determined to be 6.050 a.u. and 1.454 Mbar, respectively. These structural properties obtained from the calculation are given in Table I along with those of the D0 19 and O phases.
For the D0 19 phase, we started the calculation with the experimental lattice constants of aϭ10.960 a.u. and c ϭ8.882 a.u. with c/aϭ0.810. We then varied the c/a ratio at this volume to get the theoretical c/a ratio. Using this c/a ratio, the total energy was again calculated as a function of unit-cell volume which is shown as open squares in Fig. 2 . We obtained the lattice constants a and c as 10.774 and 8.731 a.u., and a bulk modulus of 1.524 Mbar. For the orthorhombic structure, the atomic coordinates are taken from the work of Banerjee et al. 6 We varied the experimental a/b and c/b values maintaining the experimental cell volume and by minimizing the energy we obtained a/bϭ0.627 and c/b ϭ0.485 through the same total-energy consideration. We then varied the volume with this a/b and c/b values to determine equilibrium volume and lattice constants and these are shown as open diamonds in Fig. 2 . From these we obtained the lattice constants as aϭ11.337 a.u., b ϭ18.057 a.u., cϭ8.765 a.u., and a bulk modulus of 1.359 Mbar. The theoretical bulk modulus compares well with the experimental bulk modulus of 1.23 Mbar obtained using the relation BϭE/3(1Ϫ2␥), where E is Young's modulus and ␥ is Poisson's ration. 23 It should be noted that for D0 19 and O (A 2 BC) phases, the energy minimization has been achieved with respect to both the axis ratios and unit-cell volumes. The underestimation of the theoretically obtained lattice constants by 1-2 % for Ti 2 NbAl compared to the experimental value is due to the neglect of zero-point motion and the overestimation of bonding by the LDA, as has been discussed in detail in our earlier work and that of Moruzzi et al. 22, 24 It can be seen from Fig. 2 that the equilibrium cell volume for the three phases are slightly different being minimum for B2 phase. The relatively large bulk modulus and smaller lattice parameter of the B2 phase can be attributed to its better fracture toughness. In comparison to the lattice parameters of the D0 19 phase of Ti 3 Al, most of the parameters are increased by 1-3 %. This can be attributed to the high content of large Nb atoms in Ti 2 NbAl alloy phases.
The calculated structural and cohesive properties of Ti 2 VAl and Ti 2 ZrAl are given in Tables II and III , respectively. The total-energy calculations shows that Ti 2 VAl and Ti 2 NbAl systems crystallize in the B2 phase ͑Figs. 2 and 3͒ whereas the Ti 2 ZrAl system has D0 19 structure as its ground state ͑Fig. 4͒. These observarions are in agreement with the heats of formation reported in the tables as one would normally expect. The calculated lattice parameters of Ti 2 NbAl agree well with the experimental values. As Nb and V atoms belong to the same group, the insertion of V atoms at the Nb site shows the obvious compression of the lattice and accordingly we observe that the lattice parameters corresponding to Ti 2 VAl are smaller than that of Ti 2 NbAl systems as expected. The dilation of the lattice due to the replacement of Nb with Zr is also observed which may be seen in Table III .
IV. BAND STRUCTURE, DENSITY OF STATES, AND BONDING
The calculated energy bands corresponding to the stable phases of Ti 2 XAl are shown in Figs. 5-7. It may be seen ͑Figs. 5-7͒ that the low-lying two bands, which give rise to the low-energy tail in the DOS, are nearly parabolic, and it is mainly due to the Al s states. The higher-lying bands in the vicinity of Fermi energy are primarily Ti-d and X-d derived states, although as is evident from the DOS there is significant hybridization of these states with the Al-p orbitals. In order to see the influence of crystal structures on the densityof-states distribution, we have presented the DOS for all the three structures (B2,D0 19 ,O) of these systems in Figs. [8] [9] [10] . From the plots of the density of states we can see that the low-lying two bands are mainly due to the Al-s orbitals as stated earlier. They are separated from the higher-lying p-d bands by a small gap for the D0 19 phase whereas in the case of B2 and O phases the separation is not seen as it displays a weak hybridization with the higher bands. This feature is exhibited by all the three systems and this shows that it is inessential whether the Al-s bands hybridize with other bands or not in respect of the structural stability. We can also see, in the DOS plots of Ti 2 NbAl and Ti 2 VAl, that in B2 structure not all the bonding states are filled, in D0 19 structure antibonding states are partially occupied, and in O structure the bonding and antibonding separation is not so pronounced, and that in all the three structures most of the atom-projected DOS overlap over large energy range. It can be seen that the d-d hybridization and p-d hybridization among Ti ͑Nb,V͒ and Al appears in all the three phases; however, these interactions exhibit different features for the three phases. For the cubic B2 and hexagonal D0 19 structure, the DOS exibits a prominent feature, a well separated bonding and antibonding region and these two regions are separated by a deep valley. In the D0 19 structure, the Fermi level is located in the antibonding region. The B2 structure, in which the Fermi level is located in the bonding region of DOS, is more stable compared to D0 19 and orthorhombic structures. 25 The pseudogap feature has disappeared in the orthorhombic structure with a hallow in the DOS at Fermi energy which is shallow. This might be due to the relatively weak d-d and p-d interplanar interactions possible in this structure as compared to the other two phases. The correlation of the Fermi level falling at the pseudogap to structural stability is not always obeyed if the materials have metastability or martensitic transformation. 26, 27 The density of states at Fermi energy ͓N(E F )͔ are listed in Tables II and III for the B2, D0 19 , and O phases. The lowest value of N(E F ) shows the higher stability of the B2 phase in these two compounds compared to the other two phases. 28 However, the values of N(E F ) do not differ very much in the three phases, indicating the possibility of the three phases to be in equilibrium over a temperature range. Thus, the calculated results are in favor of the experimental observation that within a narrow temperature range, between 950°C and 1000°C, all the three phases might be in equilibrium. 7 Recent results on equilibrium phases in orthorhombic alloys with a constant 22 at. % Al indicates the existence of such a three-phase field. 29 It can be seen from the DOS plots of The interatomic distances and the coordination numbers for the Ti 2 NbAl system are given in Table IV . This alloy that has been found to stabilize in the B2 phase satisfies the socalled space filling principle and the symmetry principle with respect to the stability of the intermetallic systems. In the B2 phase, the nearest-neighbor distance has the shortest value of 5.239 a.u. and the highest coordination number of 8. Further among the structures considered it has the highest symmetry. The shortest interatomic distances imply strong bonding. In the case of Ti 3 Al, TiAl, TiAl 3 , the covalent pd bonding is primarily due to the Ti-3d interaction with Al-2p electrons. Whereas in the case of Ti 2 NbAl, the d-d bonding between Ti and Nb enhances metallicity in the system at the expense of pd bonding, leading to greater ductility and fracture toughness. However, it should be emphasized that according to Villars 30 the stability of the crystal structures of the intermetallics depend on several other factors. As far as Ti 2 ZrAl is concerned, the other factors seem to dominate and make it stable in the D0 19 phase. For the sake of comparison, the ground-state properties of Ti 3 Al, TiAl, TiAl 3 collected from the literature are given in Table V 
V. SUMMARY AND CONCLUSION
The structural stability and cohesive properties of Ti 2 XAl (XϭNb, V, Zr͒ in B2, D0 19 , and O phases have been studied theoretically, using the results of the electronic structure and total-energy calculations. The results were further used to evaluate the equilibrium lattice parameters, cohesive energy, heat of formation, and bulk modulii of these alloys. The total-energy curves corresponding to the B2, D0 19 , and O phases of these alloys are close in energy and it demonstrates the possibility of the presence of all the three phases at some particular range of thermodynamic conditions. Our calculations predict the B2 phase as the stable phase of Ti 2 NbAl and Ti 2 VAl at equilibrium conditions, whereas the D0 19 phase is found to be stable for the Ti 2 ZrAl. Further, Fig. 10 shows a possible structural transition from the D0 19 to B2 phase under strong compression in Ti 2 ZrAl. The theoretically calculated equilibrium lattice parameters of Ti 2 NbAl are found to be in good agreement with the experimental values whereas the experimental lattice parameters of Ti 2 VAl and Ti 2 ZrAl are not available and hence we could not make a comparison.
The density-of-states histogram of these three systems exhibit similar features in the respective structures. The concept of pseudogaps, i.e., the sharp drop in the density of states at or in the vicinity of the Fermi level that has been prominently displayed by the binary Ti-Al systems arising out of the strong Ti͑3d) and Al͑2p) mixing and the stability considerations as well as other correlations that have been discussed at length, 28 is not strongly demonstrated in these ternary systems. Even though the pseudogap is present, the values of N(E F ) are not as small as those obtained in binary systems and this is due to the enhanced d-d interaction arising out of the Ti͑3d) and X(3d/4d) electrons that enhance metallicity at the expense of pd bonding present in the binary systems. The better ductility realized in multiphase Ti 2 NbAl can be attributed to the relatively elevated N(E F ) in all its three phases. Our calculation shows an increase in the cohesive energy in Ti 2 NbAl compared to Ti 3 Al and it reveals the increase in the bond strength. In conclusion, the present work yields useful information on the trends of the structural stability and cohesive properties of the Ti-Al-based ternary systems, and this work will form the basis for future study on quaternary systems.
